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ABSTRACT

Char ~,c-coupled dc.vices (CCDs) have been used extensively in the past instar trackers and finc guidance systems. A new
technology, the active pixel sensor, is a possible successor to CCDs. This technology potentially features the same
sensitivity and performance of the CCD with additional improvements.  These improvements include random access
capability, easy window-of-interest readout, non-destructive readout for siglkal-lo-noise improvement, high radiation
tolerance, simplified clocking voltages, and easy integration with other on-chip signal processing circuitry. The state-of-
the-art of this emerging technology and its potential application to guidance and navigation systems iS discussed.

L INTRODUCTION

Spacecrafl guidance and attitude control systems today typically cmploy asct of cclestial sensors 1o establish the spacecrafl's
oricntation with respect to a planetary body or the fixed incitial frame provided by the sun and stars. In many cases this set
inctudes astar tracker capable of providing two- or three- axis attitude information by determining the centroids and
thereby establishing the relative position if one or more guide stars within its ficld of view.

“1 racker characteristics a ad operat ions tend to be strongly mission-dependent.  The upcoming Cassini mission to Sal win
requires a tracker capable of providing four ale-second pointing accuracy by tracking three stars of magnitude 5.8 or
bright cr over a15-18 degree field-of-view. Mass of the tracker iS 10 be N0 More than nine kilograms and power
consumption is not to exceed 12 watts. In contrast, preliminary studies of a Pluto fly-by mission suggest the tracker’s
pointing accuracy can be relaxed to 40-arc seconds, but it must Now weigh no more than 0.5 kg and consume Jess than 5w,

Selection, modification or design of a star tracker is thus a matter of identifying, weighing and often compromising among
anumber of competing requirements and constraints, as indicated schematicaly inFig. 1.
A

Y
Inmany instances, a small number of the requircients or practical constraints arc very tightly restricted and thus define the
starting, point for the selection/design process. Given the highly coupled, interactive nature of the requirements, constraints
and their physical manifestations, this process ofteninvolves anumber of itcrations before an acceptable solution appeals,

The one unifying theme for the current gencration of star trackers is the usc of a two-dimensional CCD focal-planc array,
usnally containing on the order 0f512xS12 pixels. During the late 1970’ s and early 1 980's, low noise, high sensitivity, wide
dynamic range CCDs were developed for scientific imaging applications!>2. It soon became apparent that the CCDs'
combination of control flexibility and performance attributes made it an attractive alternative toimage disscctor tubes as the
basis forimaging star trackers»4:3,6,7,8,

(El) ’s, though, arc not without problems or limitations. The Achilles' heel of CCD technology is fundamental to its
operation -- the need for the perfect transfer Of charge across macroscopic distances through a scmiconductor, Although
CCI)s have become atechnology of choice for present-day implementation of imaging and spectroscopic insttnments, it is
well-known that they are a particularly difficult technology to master, The need for ncar-perfect charge transfer eflicicncy
makes CCDs (1) radiation "soft," (2) difficult to reproducibly manufacture in large array Sires, (3) incompatible with the
on-chip electronics integration requirements of miniature instruments, (4) difTicult to extend the spectral responsivity range
through the usc of alternative materials, and (S) limited in their readout rate. A new imagi ng sensot technology that
preserves the positive attributes of the CCID yet eliminates the need for charge transfer could quickly eclipse the CCD.
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[1 this paper, the active pixel scnsor (APS) technology iS discussed. The application of APS technology to the nceds of
guidance and navigat ion start rackers is consider cd and the potential advantages of the APS technology arc explored.

2. THE ACTIVEPIXF1, SENSOR CONCEPT

Continucd advancement in microlithography feature size reduction for the production of semiconductor circuits such as
DRAMSs and microprocessors since the invention of the CCD in 1970 enables the consideration of a new image scusor
technology, called the Active Pixel Sensor (APS). In the new APS concept, one or more active transistors are integrated
into the pixel of an imaging detector array, and buffer the photosignal as well as drive the readout lines. At any inslant,
only Onc row's transistors arc activated, so that power dissipation in the APS is approximately that of the CCD. The
physical fill-factor of the AI'S can bc approximately 50% or higher, and the usc of on-chip microlenses ot binary optics can
increase the effective fill-factor to over 80%. Sensitivity, rcad noise, and dynamic range arc similar to the CCD. Thus, the
Al’ S preser ves the high perfor mance of the CCD but eliminates the need for charge transfer.

There arc amulitude of ways to implement an active pixel sensor but there arc primarily two types, lateral APS structures
and ver tical stiuctures. In the lateral structure, the photosite is adjacent to the readout transistors. This structure simplifics
the fabrication process and allows somewhat separate optimization of the photodetector and readout transistors. The
penalty for this latitude iS a reduction in eficctive till factor. 1nthe vertical APS structure, the photodetector is vertically
integrated with readout transistor(s). By stacking the these devices together, the pixel size can be reduced and t he effective
fill factor remaius high.

A simple example of an active pixel is illustrated below. In this example, a lateral APS structure that resembles a short
CCD is shown. Charge is integiated under the photogate PG, To read out the signal, the pixel is selected using t ransistor
S. The output node iS1eset using transistor R. The signal charge is then transferred from under PG into the output node.
The change in the source follower voltage between the reset level and final level is the output signal fromn the pixel. The
source follower might drive a column line terminated with clamp and/or sample-hold circuits.  These colulnn-parallel
citcuitscanthenbe seamed for scrial readout of the sensor. Since the illustrated APS requires only a single int ra-pixel
charge transfer, many of the problems associated with charge transfer in CCDs arc eliminated.

R J} "1, is exploring this type of structure fabricated in standard foundry
rG CMOS technology. A 40x40 micron pixel configured in a 28x28
o 11 array was designed, as shown below, Row and column decoders

were formed using standard CMOS dig itallogic. The sensor was

addressed a tow at a time. The reset level and signal level were

captured using two sample and” hold circuits. The output of these

circuits was scannced by scquentially addressing the columns. The

output amp. image sensor was fabricated by a foundry and fested at JPL.

Opcration requires the input of digital X and Y pixcl addresses as

well as pulsing the photogate and sample/hold gates.  All input

Yig. 2, Schematic illustration ofalatcral APS pixel. signals were T'11, compatible, ¢.g. O and 5 volts. The image sensor

was operated at a pixel rate of approximately 0.5 megapixcl/see. The

charge to volts.gc conversion rate was cstimated to bc 4.0

pV/electron with a saturation level for this surface-chaanc] device of approximately 600 mV. Fixed patiern noisc was

observed to be approximately 1.5% full-scale and can likely be reduced by an order of magnitude by improved on-chip

signal processing. A layout of the pixelused in the experimental Sensor is shown below.  While this device used destructive

readout with a floating diffusion sense amplificr, a non-destructive float ing-gate sense amplifier has also been

demonstrated. Yurther efforts using standard CMOS arc aimed a demonstrating @ camcera-on-a-chip for usc in future

microspaceciafl applications. The camera-on-a-chip will include an on-chip A/D converter'? 10 allow a full digital
inter face with external circuitry.
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Much more sophisticated active pixel structures arc being pursucd
clsewhere in order to achicve small pixel size rind high fill factors. Yor
example, Toshiba isusing its double-~atc floating surface transistor to
increase the sensitivity of the output amplificr to 200 pV/electron 11, 1o
reduce the pixel size, the charge storage areacan be located vertically
under the (or over) the readout transistor. The presence or absence Of
photo-generated charge can bc used to modulate the readout transistor
output signal.  This approach is used by Olympus in its charge
modulation device (CMI)) approach to active pixcl sensors 12, Texas
Instruments (Japan) is using a bulk charge modulated device (BCMD) in
a hexagonal packing format'3. A further reduction in pixcl size can be
enabled if the current flow in the output transistor is vertical rather than
horizontal so that the substrate acts as onc of the transistor tcrminals.
V4 ouyr  Vhis approachis used by Olympusin its static induction transistor (S1"1')
Al’Sdevicel”. A vertical bipolar approach is used by Canon inits base-
Yig,3. Schematic layout of the JPT, CMOS stored i'ma_ge sensor (BASI S) 15._ These _technolpgies arc al non-
Al'S. Fill factor is approx.25%. destructive In thgr rcadout of the pixel allowing multiple sampling of the
photosignal for improved SNR

PG

T

RST

SEL
L

The fill factor of APS technologics arc generally smaller than that of full-
frame CCDs. The usc of on-chip microlenses, aready incorporated in
commercial interline CCD products (e.g. Sony, Kodak) can be used with
Al’ Sdevices to bring their effective fill factor to sameIevel as a full-frame /
CCI>. The microlense concept iS shown below.

7 Wu om(n ay

1:ach of these technologies has its own sct of advantages and
disadvantages. Fixed pattern noisc is generally a common concern but
can be climinated through on-chip signal processing. The fixed pattern
noise. arises duc to threshold voltage non-uniformitics across a large area DO it scgion
image sensor,  Since output amplifiers track the threshold voltage of the
output transistor, the APS is sensitive to this offset patictn.  Clamp
circuits can be used to nearly eiminate this phenomenon, At the present Fig. 4. Schematic illustration of on-chip
time, only the JPL APS is 100°/0 CMOS compatible. 1lowever, many of — microlens array to increase effective fill-factor.
the other technologies arc amenable to integration with CMOS (unlike the

case with CCDs) and thus cnable the consideration of low-power, low-voltage on-chip glectronic circuitry.

substiale

Photosensitive repion

3. APP]1 1 CAI'1I0ON O¥ THFE Al% CONCEPT TOSTARTRACKFERS

1]) discussing the application of APS technology to star trackers, it is assumed that the APS technology isa CMOS-
compat ible technology.  There arc two aspects of Al’S technology that make of particular imporlance to star tracke:
application, the.sc arc customization and miniaturization. In addition, the potential for in-pixel processing allows the
consideration of significant evolution in the rcalization of star trackers.

3.1 Customization

Many applications demand long lifetime, high rcliability star trackers, This places similar demands on the tracker
components, notably the detector array and the associated drive and processing electronics. Traditionally, these reliability
1equireiuents have dictated the usc of arather sclectlist of space-qualified parts. To achicve their space-cluali fiedstatus,
these pat (s have undergone extensive test and analysis, as evidenced by hundreds of pages of carcful documentation. Not
sutprisingly, the costs of qualifying a new part can easily run severa hundred thousand and even well over amillion
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dolla Is. Censcquently, the list of available fully qualified (so-called Class SA) parts is comparatively smalland generally
1epresents somewhat dated technology.

As might be expected, the list of qualified CCDs reflects the above problems: it is neither extensive nor particularly
representative of the current CCD  g(atc-of-the-ar(. - Despite the fact that 4096 x 4096 pixel CCDs furst appeared in the
Lliterature several years ago'¢ and that 2048 x 2048 arrays arc now commercially available, no star tracker yet flown has
cmployed an array of more than 512 pixels 011 aside. The first trackers to employ a 1024 x 1024 arsay, c.g. those to be
used on the Cassini mission, will not be flown until some time in 1997.

The need to "make do” with asmall and dated parts list manifests itself in performance, power consumption and/or mass
sighificantly worse than might be realized with state-of-thc-al-t components. These shortcomings arc further magnificdin
the case of centerpicee deviees such as microprocessors or CCDs, whose limitation arc necessat ily propagated through a
caslof supporting and peripheral parts.

Application-Specific Integrated Circuits or ASICs, Ficld-Programmable Gate Arrays and related devices appear to be on the
verge of both expanding and updating the electronics side of the partslist. In some sense, these devices represent

qudification of a process, i.e. alibrary of subclements, connection rules, materials and fabrication procedures, rather than a
specific part,

APS techinology could do the same for detector arrays. A qualified AT'S library would alow designers to optimize a sensor
for their application rather than adapt their application to make usc of onc of the few available sensors, A set of small,
application-specific changes to an existing sensor, unthinkable in the context of the associated requalification costs for an
otherwise available CCD, could easily be implemented inan ASIC-like APS array.  And, apart from the non-recurring
engincering costs associated with any new design, a completely new, application-specific, flight-ready ArSariay could be
purchased for little more than the cost of an existing device based on the same AT’ S process,

Hiprinciple, asimilar argument might be attempted on behalf of CCD technology: could not an ASIC-like CCI process be

dc}’ eloped and qualified? Perhaps, but onc is again confronted with both the rather difficult, narrowly-focused nature of
CCh deviee technology and the C 1'E-related design, processing and radiation sensitivity of CCIds. Whereas the CMOS
V1.S1technology of ASICs and Al’ S devices has applications sufficiently numerous and widespread to support “silicon
foul~dl-its” specializing in limited production of custom designs, the technology for reliable fabrication of high-performance
CChs is quite specific to CCDs. Further, given the CCiY's CTE-driven sensitivity to change of design or environment, ii’s
notimmediately clear how one would go about constructing a usefully flexible sct of ASIC-like CCD design rules. In the
absence of avery comprchensive test and analysis program, how could onc be assured that even a secemingly small change

inaCCl array would not have a significant negative impact on device performance or:;cliabilil)'?

3.2 Miniaturization

APS compatibility with CMOS V1,81 will also allow a significant amount of the supporting control and processing
elect] onics to be integrated on-chip with the detector ar ay.

Tixamples of this high-level integration have alrcady appeared in the literature.  The Multi-port Array photo-Receptor
system of MAR sensor!? incorporates several shif registers, an analog multiplexer and decoder buffers witha 128 x 1?8
APSarray of hexagonal pixels. Mendis, et al., 18 describe a chip that integrates a 128 x 128 APS array with asct of row and
colunin sclect/drive electronics, a digital multiplexer and a set of 128 sigina-delta analog-lo-digital converters.

VL1.81 Vision Ltd. (VW, ) has recently announced a commercially available camera-on-a-chip, based on technology
developed at the University of Edinburgh!?. A 312 x 287 pixcl sensor array is integrated with analog and digital Circuitry,
including automatic exposure and gain control, to gencrate a standard monochrome output signal. The unit, known asthe

Peach, measures only 35 mm in diameter across its housing and draws only 40 mA under a 7S ohm load from aregulated 7-
10-1 ? VDC external supply.
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Thesc and simitar developments indicate the size, as well as accompanying mass and power, reductions possible with APS

technology. Such reductions will be increasingly important as the trend toward spacecraft downsizing continues; whercas
the Voyager spacecraft stood some S meters tall and weighed over 800 kg, and Cassini will stand over 6 meters and is
projected to weigh roughly 2150 kg dry, studies for a Plute Flyby mission have suggested 1 meter tall spacecraft with awet
mass of perhaps 150 kg,

The higher level of on-chip integration will aso reduce the number of external interfaces and amount of wiring required,
which may in turn have apositive impact on reliability.

3.3 111-pixel signal conditioning/p rocessing

By definition, APS devices incorporate one or more active transistors within each pixel. As aresult, each pixclisable to
condition and perhaps even perform limited processing on its reccived photosignal. This simple ability has the potential to
dramatically alter the implementation of a number of existing functions and to open the door to a wide range of new
possibilities.

Simplified windowing

After acquiring, and identifying the requisite number of stars, trackers will gencrally switch to a windowing mode of
operation®©, In this mode, each of the sclected guide stats is enclosed in @ window containing, a rclatively small number,
C.g.5x S, pixels. This allows aCCD tracker to clock rapidly through the vast majorig of unimportant pixels, usually at
rates Of megapixcls per sceond, slowing only when act it ical date-bearing window pixel is encountered. Window pixels arc
1 cad and digitized at amuch slower low-noise rate, 011 the order of’ 50,000 pcr second. Thus, amegapixcl-class CCI can be
1cad out, without compromising significant data content, in less than a tenth of a second as compared to the 10 or more
seconds that would be required if the entire read-out occurred at the Icw-noise digitizing rate.

Nonetheless, it remains necessary to clock out al the CCD pixels in order to reach the fcw that arc of interest and to switch
back and for th between high-and low-speed read-out protocols as portions of various windows arc cncounterced. This
requires both power and coordination, Moreover, thousands of low-loss charge transfers must still be effected through fixed
one-way paths to move photogencrated charge from awindow pixel to the CCD's output amplifier.

Asdiscusscd earlier, in-pixel active clements allow random access to each pixel of an APS array and thereby completely
climinate the above issues. Individual windows can be accessed and read out as blocks in arepetitive process, simplifying,
both the control and data storage functions. Pixcls outside the windows arc left undistyrbed. Charge transfer efliciency and
the possibility of "blockages" arc inherently non-issues because no charge is being trangferred.

Posit ion-specific exposure control

Exposurc time for aCCD is generally determined by a desire that the. brighitest significant pixel in the array contain a full
well of photoclectrons. 1 essthan afull wellrepresents a(pr csumably) unnecessary sactifice of sigilal-to-noise ratio and,
with it, centroiding accuracy. More than afull well, or blooming, produces a decidedly nonlinear plateau in the pixel’s
photoresponse and may also result in excess electrons spilling over into adjoining pixels. Once again, this has ancgative
impact on centroiding accuracy.

Of course, if the brightest pixel contains afull well of electrons, other pixels will contain significantly less and will
thercfore exhibit reduced sigual-to-noise ratios and poorer centroiding accuracies. This means that cither the tracker ficld-
of-view must be sived to assure that the required number of tracked stars al arc toughly comparable inmagnitude or that
other tracker parameters must be chosen so that the degraded centroid / attitude determination accuracy associated with
dimmer guide stars is nonctheless sufficient to fulfill the specified pointing requircuients.
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Again, APS arrays may well bc able to avoid these restrictions by allowing Positioll-specific exposure control. For example,
in the windowing mock, exposure control could bc effected on @ window-by -window basis.  This control is enabled by the
Jandom-access, non-desiructive mad-out characteristic of Al’'S pixels.

Simplificd pixel summing, for multi-resolution processing

These same char acteristics can significantly simplify the process of pixel-smming often associated with data compression
and/or multi-resolution imaging. Pixel-sulnming is simply the addition, either analog or digital, of the contents of twoor
o ¢ adjoining pixels, resulting in alower resolut ion, but more compact representation of the image captured by the
detector array.

The destruct ive natwi € of a CCD read-out dictates that pixel-summiug bc either a repet it ive analog process, involving as
many exposures as summing levels, or adigital processin which the full image as well asthe results of successive sununing,
filters arc stored in digital memory. No(c that this type of processing essentialy requires that the entire CCD be read at the
time-consuming, low-noise digitizing rate.

1n cent rast, the non-dest ructive, random-access nat urc of APS read-out allows the sensor array to serve as its own high-
resolutionimage buffer and thereby support repeated, multi-resolution analog or digital processing of the data obtainedin a
single exposure. The APS thus enjoys the benefits of the CCD digital process without incut 1ing the CCI's speed o1
memory penaties,

Simpli fied and/or accelerated "blob" ident ification

I'rackers a1 ¢ gencrally designed to spread the image of a star over severa pixels te allow sub-pixel cent roid determination,

often at thelevel of 0.1 to 0.01 pixels®¢. A star image confined entirely within asingle pixel would restrict the centroid
resolution to 41/2 pixel.

"Blob"identification is the process of collecting data from adjoining pixels to determine the approximate locations and
boundarics Of contiguous objects within the, detector’s field of view. in the context of star trackers, this is basically a matte
of sorting pixels into “haves’, which contain more than a certain number of photoelectrons, and “have nots" and then
identifying groups of adjoining “have” pixels as potential star images. One is aso well-advised to make certain that a blob
is not indeed ablob, i.e. an extended object such as a planct or a star cloud, which is likely to confuse the tracker’s star
idc]l[ificaion/attitude determination sofiware.

Ina CCl)-based tracker, the have or have not data for blob identification can be obtained by applying athreshold to a full-
fiame pixel-by-pixc] read-out of the CCD. 1ocations of “have” pixels arc stored in memory for usc by the blob algorithm.

AnAl’Sarray may offer simpler and/or faster approaches to blob identification. For example, the simplified pixel summing
capabilities of an APS array could bc exploited by using a coarse (perhaps 32 x 32) summing filter to scan the array for
brighter-tha n-average areas and then applying successively finer filters within those areas to identify blobs.

The “bucket brigade” nature of CCD charge transfer militates in favor of a rectangular cells. Significant variations in ccl]
size or form factor would produce corresponding variations in apparent photosensitivity and/or charge transfer cfiiciency
c.p. asmaller cell would clip the attempted transfer of afull well from alarger ccll). High uniformity in the cells' form
factors in therefore critical in high-performance CCDs. This need for high uniformity, combined with the simple

geometrical fact that only triangles, rectangles or hexagons can be used to repetitively tile a plane, al but dictates the use of
rectangular cells and arrays.

There a1 €, of course, exceptions to thisrule.  Annular geometry CCDs, comprised of asingle ring of uniform arc segment

cells, arc cominercially available. However, these arc essentially linear rather than two-dimensionalarrays and arc
therefore of little interest in the context of this discussion.  "I.og-polar" CCDs, realized as concentric 64-segment rings Of
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exponentially increasing width, have been developed by Univ. Pen9 Thesc 3114ys pay for their non -uniform cell structure
by subdividing large cells into smaller, more compatible ones, arranging, the output shift register so that the largest cells arc

closest 1o the output and thercfore arc not clipped in the transfer process, varying the A/D gain as a function of readout
position, elc..

Random pixcl access and independently controllable pixel gains make it possible. for A1’S detectors to usc non-rectangular,
variable gcometry pixels arranged in non-rectangular, non-uniform arcays.  As noted above, the MAR sensor cinploys
rcgular hexagonal pixels'7. Inthat particular application, the hexagonal pixel geometry facilitates the use of circularly
symmelric operations such as the Laplacian or difference of Gaussians, ofien used to provide cdge extraction in image
processing schemes. 1 lexagonal pixel ariays have also been shown to be super ior to rectangular arrays in centroiding,
applications?] as manifested by reduced error levels (s much as a factor of three), reduced noise sensitivity and reduced
computational and storage requircments.

New or improved capabilitics enabled by in-pixel processing

Asstar trackers evolve into more versatile instraments, capable of identifying and tracking not only stars but also planetary
features, they will radically alter the manner in which science instruments arc pointed and controlled. Pointing will be
based on objects of interest rather thaninertial coordinates, eliminating many time-consuming, fuel-w,agfing mancuvers as
well as the deluge of ext rancous information that has beretofore accompanied the date of interest,

Feature recognition and tracking capability will, of course, require image processing capabilities more akin to those of a
human being than to a high-resolution camcorder. As CMOS VLSI fabrication processes continue to improve, it will be
possible to place additional processing clements inside each without diminishing their fill factors or other important
optical/optoelectronic properties. This will open the door to in-situ analog processing the incoming, photosignals, allowing
the Al’ S array to mimic some functions of the human retina.

Work inthis area is aready underway. Caltech has developed and tested a number of "artificial® or “silicon” retinas,
featuring in-pixel logarithmic and differencing amplifiers and resistive network connections to adjacent pixels22, These
simple features have alowed the silicon retina to exhibit a number of the characteristics of human retinas, e.g. edge

exti act ion, adaptation to stationary in)ap,cs/accent uvation of moving objects and susceptibility to cerlain types of opt ical
illusion,

There arc many issues that JP1, has just begun to explore regarding the usc of the active pixel sensor in astar tracker, anti
definitive conclusions have not yct been reached. Some of these issues arc the cffect of a reproducible and regular, but odd -
shaped photoactive region on the centroiding process, the optical effect of metallic wires ranning over the surface of the
I mager, and the effect of microlenses on the cent roiding algorithm. While nonc of thiése issues arc APS technology show-
stopper IS, they arc important to the analysis of any imaging system using Al’S technology.

4, CONCLUSIONS

‘1 'he active pixel sensor concept has been presented. Work on this technology is proceeding in several companies and at
JPL, though the centroid of the work isin Japan. in just the few years that have elapsed since this technology has been
explored, rapid improvement has been demonstrated to the point where the future of CCDs is called into question, The
possible applications of the APS technology to star t rackers has been discussed,  While the discussion is presently
speculation, it appears that there is a wide opportunity for APS technology to benefit the star tracker community. J’], is
continuing itscfTorts to better understand APS techinology developed inindustry, as well as explore CMOS Al S structures
and their application to guidance and navigation.
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